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Case 103-7

from: F. F. Tomblin

T™™-70-1011-5

TECHNICAL MEMORANDUM

1.0 INTRODUCTION

The primary constituents of the earth's upper

solar radiation with energy sufficient to remove the K-shell
electrons from these atoms. Therefore, characteristic fluo-
rescence is to be expected. We shall compute the daytime
fluorescence intensity variation as a function of altitude and

direction for various positions of the sun.

The fluorescent radiation is monochromatic because
the dominant radiative mechanism for reorganization of the
atomic electrons results in an L-shell electron filling the
vacant K-shell. Such transitions result in K-o radiation with
energy equal to the difference in binding energy of the K and L
shells. Similar transitions from the.M to the K shell are
classified K-g transitions. Since the énergy levels of the L
and M shells are quite closely spaced compared with the K-L energy
difference, the energies of the K-o and K-8 transitions are nearly
equal.

The atmospheric X-ray fluorescence calculation requires

a knowledge of the solar X-ray flux spectrum at energies greater

than the ionization potential for the atom in question (.4 keVv
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for nitrogen). The atomic atmospheric density and the photo-
ionization cross section are also required. The K-shell

photoionization cross section is a measure of the probability
that an X-ray of a given wavelength can ionize an atom by
removal of the K-shell electron.

Since these calculations involve elements with a low
atomic number, not all K-shell ionizations result in the sub-
sequent emission of a K-a photon. In fact radiationless
transitions result in most cases. Energetic Auger electrons
remove the excess energy. The fluorescence yield, Wy s is
defined as the probability that a radiative transition will occur
subsequent to K-shell ionization. For the light elements con-
sidered here this probability is on the order of a fraction of

a percent. w, enters the calculations for the fluorescence of

k
the atmosphere as a multiplicative constant for each atomic
species. Auger electron emission and radiative decay are
described pictorially in Figure 1.

Until very recently, fluorescence yields for atoms and
ions with Z <15 were very poorly known. Experimental results often
disagreed by orders of magnitude. McGuire (1960 and 1970) has

computed the fluorescence yields of these elements using atomic

potentials, -rV(r), obtained by Herman and Skillman (1963). The

potential is approximated by a series of straight line segments
resulting in an exactly solvable wavefunction. McGuire's (1970)

results are used here and should be accurate to *25%.
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For future reference we list in Table 1 the K-shell
ionization energy, E(ls); the K-a transition energy, E(K-a),
(both in ev) as given in Bearden (1967); and Wi s the fluores-

cence yield, as computed by McGuire (1970).

Table 1

ATOMIC X-RAY EMISSION PROPERTIES

E(ls) E(K-a)
Atom ev ﬁ ev 1% wk
-3
Nitrogen 400 30.99 392 31.60 6.0x10"
Oxygen 532 23.32 525 23.62 9.4x10"

The K-o energies listed are those of singly ionized
atoms. One electron in the 2p state is removed in the stable state
of such ions. In the case of photoionization, electrons falling
from the 2p sfate to the 1ls state give rise to the K-shell fluo-
rescence. Variations on the order of 1% are to be anticipated
for the K-a radiation for singly ionized atoms or atoms in various
molecular situations.

When solar radiation falls in the naturally broadened
line envelope which corresponds to the K-a transition, the atom
may be excited with high probability. Again, the dominant mode
of de-excitation is by autoionization, and it will be shown that
this scattered radiation is probably not of sufficient intensity

to be observable.




BELLCOMM, INC. -4 -

Our results on atmospheric fluorescence should be
of considerable interest to experimenters developing plans for
low earth orbit X-ray astronomy missions covering the 20-40 -
region. Daytime studies of stellar X-ray sources using non-
dispersive detectors may be difficult to perform due to this
fluorescence.

2.0 THE GENERATION OF K-oa EMISSION

In this calculation it is assumed that the solar XUV
emission photoionizes the atomic species. The subsequent fluo-
rescence is then observed corresponding to the ls-2p transition.
It is important to note that this is not the same mechanism
responsible for the hydrogen Lyman-a geocorona. In the case
of hydrogen Lyman-o, the sun emits strongly at 1216&. This

radiation is resonantly scattered by atomic hydrogen. The

autoionization process is, of course, not applicable for one
electron atoms. Resonant scattering will be shown to con-
tribute a negligible amount of K-o emission from neutral atoms.

The unattenuated solar X-ray flux passing through an
element of surface normal to the sun is given by:

dN ()

d

f_(x) = photons/cm?sec &

If the atmospheric density of the atomic species 1 is pi(h) at
altitude h, and the cross section for the K-shell photoelectric

effect is oi(x), the total number of fluorescent photons
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generated per volume element dV is

dn; (h) c
"T\?—"=I d x £,(0) ki (M)ej(h) ©ky (1)

0
where Ao is the critical wavelength corresponding to the K-shell

ionization edge.

The K-shell photoelectric cross section has been
measured (Allen, 1959) and computed theoretically (McGuire,
1967). The results are in excellent agreement. The theoretical
curves are shown in Figure 2. The 2s and 2p (L-shell) cross
sections are considerably smaller, but they do contribute to
the total absorption. These values are shown separately in

Figure 2.

An accurate representation of the absolute solar flux
from 10 to 30 & is not available. Only approximate representation
of the solar spectral shape is required at most wavelengths be-
cause the solar flux is weighted by the photoelectric cross
section as indicated by equation (1). However, accurate know-
ledge of the absolute flux level near the absorption edge is
needed for reliable results. We have taken the results of

Mandelstam (1965) using Te = 3x10® °K as the primary source

of quiet solar spectral information for wavelengths less than
25 R. Adjustments were necessary to correct the oxygen and iron
line emissions computed by Mandelstam between 13 and 22 R for
the line intensity observed in the corona. The absolute spectral

data of Evans et al (1968) was used for this correction. A

check on the total emission from 8 - 20 & can be made using
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the data of Kreplin et al (1969) taken of the quiet sun during

the intermediate period of the solar cycle in 1967. No experi-

mental data is available in the 25 - 30 4 region. Beigman et al

(1969) indicate in their theoretical results that there are

no significant emission lines in this region except at 28.8 R.
They indicate a value of v 10-3 ergs/cm2 sec A for this line.

A continuum level of GXIO—q ergs/cm2 sec R is used for the 25 -
32 A region. This value is taken from the calculations of

Mandelstam (1965) at 20 & and is consistent with the spectral

observations taken by Manson (1967) in the 30 - 31 & interval.
There should be no large changes in the continuum level over the

25 - 32 R region. The composite spectrum is shown in Figure 3.

To complete the necessary expgrimental data, the
atmospheric density profile of the O, 02 and Ny composition
is necessary. For the purpose of the calculation we assume
an exospheric temperature of 1000°K. This temperature is
typical of the period intermediate between solar maximum and

minimum. The spring/fall data of the US Standard Atmosphere

Supplements, (1966) given in Figure 4 is used in calculations.

3.0 COMPUTATION TECHNIQUES

a. General Formalism
There are a number of cases which may be considered
for which the geometry is not unnecessarily complex. Each
depends on the zenith angle of the sun, look direction, and

altitude. These variables are defined as shown in Figure 5.
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Note that 6' is the angle from the local normal to the solar
direction and 6 is the angle the look direction makes with
the local normal. We will consider only situations where
the line of sight lies in the plane formed by the local
vertical direction and the solar direction.

There are two essential modifications to equation (1)
required to complete this calculation. First, atmospheric absorption
of solar radiation above the point h*, where ionization occurs,
must be considered. This includes the entire solar flux with
energy in excess of the ionization potential of the atom.

This absorption is by the photoelectric effect; thus
the total cross sections given in Figure 2 may be used. The

fraction of solar radiation passing through the atmosphere is

[oe)

F(x,h*,8') = EXP (—E J* dTi(A)pi(h')dh'sece'), (2)
n h
1

O9r;()) is the absorption cross section as a function of wave-
length for each species; sec6' is the correction to the absorption

path for a non-zero solar zenith angle.

The second feature for which a correction must be made
is atmospheric absorption of the K-o radiation from the point of
generation h* to the point of observation h along the lin€ of
sight. This has a form similar to equation (2) except that the ab-

sorption cross section ory is evaluated at the K-a wavelength only.




BELLCOMM, INC. -8 -

The attenuation of the X-ray strength at h is

h*
* = -
G; (A, ,h,h*,8) = EXP Z[ op; (A,)pj(h') dh' sec 6 (3)
h

The generation of X-rays along the line of sight may occur from
altitudes h and above.

Expression (1) may be modified by (2) and (3) to give
the solar stimulated K-o X-ray fluorescence at altitude h from

atomic species 1i:

A >
1
N, (h,8,8') = Z?J[ Jr wklckéxz)fs(x)pi(h*)sece F,(x,h*,0")
i
0 h Gi(XQ,h,h*,G)dAdh* (4)

Equation (4) should not be considered valid for 6 and 6' much
larger than 60° as the curvature of the earth has not been
considered.

b. Fluorescence Albedo (6=180°)

The upward-directed fluorescent radiation (albedo) may

be calculated by reversing the order of integration of equations

(3) and (4). Looking at the nadir (6=180°) the upward-directed
flux becomes
Ac _h
_ 1
Ni(hlere') = I mkiokipi(h*)fs(x) Fi(A,h*,e')Gi(Ag,h,h*e)dxdh*
0 Jo

c. Fluorescence at 6=90°

One of the brightest regions of fluorescent X-rays is
in the plane normal to the local vertical. Here the X-ray
generation path, h to h*, is quite long and the flux will reach

its maximum at a higher altitude than when viewing at smaller
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zenith angles. The path length is corrected to consider the

curvature of the earth and atmosphere. This is done by

R
e

replacing dh* by FIGEE D) dh* and making appropriate modifi-
cations to F, and G,.
i i

Modifying equation (4) to include the effects of the

earth's curvature

AC powo R
o ' _ 1 e ] '
N, (h,90°,0") = > o 2y, )0 5 (B0 Nrmegy FL O shsht,00)

0 h

Gi(kz,h,h*) dh*dx

where

F;(A,h,h*,é) EXP _§: Oq&(x)pi(h') sec (d t tan—}/Z(g;—h)’ dh'
= I

1

Il

R
e

radius of the earth 100 km above the atmosphere
(6500 km); the +(-) sign is used in F, when 6 and o'
have different (the same) sign. (See Figure 5.)
4.0 RESULTS
The calculations for representative cases of atomsphere
fluorescence are given in Figures 6 and 7 for oxygen and nitrogen.
Figure 6 shows the detailed nature of the K-o emission below
200 km where the differences in orientation are most striking.
Figure 7 indicates the magnitude of the oxygen and nitrogen line

intensities at higher altitudes.
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Several important features of atmospheric fluorescence
are apparent from these figures. Below 150 km the intensity of
the nitrogen line exceeds that due to oxygen. This is due to the
larger photoelectric cross section for nitrogen in the 25 - 31 R
region and the larger nitrogen abundance in the atmosphere. The
photoabsorption by nitrogen attenuates the radiation in the wave-
length region near the K-a line of oxygen at altitudes below
120 km. Atmospheric absorption of thé nitrogen K-¢ emission is
only appreciable at altitudes below 110 km. For this reason, the
maximum for the nitrogen emission is observed at a slightly lower

altitude than the maximum for oxygen.

Above 150 km atmospheric absorption becomes unimportant
and the K-a emission becomes proportional to the partial pressure
of the constituent gasses. The N, density falls off with an
e-folding height of ~35 km at altitudes above 200 km; the oxygen
density falls off more slowly with an e-folding height of ~65 km.
Thus, above 300 km the oxygen K-a emission dominates that due
to nitrogen.

Variations in the elevation angle of the sun affect
the fluorescence only at low altitudes near the intensity
maximum. The fluorescence at 6'=60° appears to be reduced
over that observed for 6'=0 along the same line of sight. As
expected, viewing near the horizon (6=90°) gives the most intense

radiation of the various cases considered for both O and N3.
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The albedo fluorescence is relatively unchanged at
altitudes above 130 km. The atmospheric fluorescence generated
above this altitude is negligible compared to that generated
in the 100 - 125 km layer.

Calculations have been performed concerning the con-
tribution of resonantly scattered X-rays. The results are
given in detailed form in the appendix. It is shown that the
resonantly scattered component contributes less than 1% of the
flux which can be attributed to the fluorescent radiation

process.

Grader et al (1968) have observed daytime atmospheric
fluorescence at energies above 400 eV. This experiment was
performed from a rocket at altitudes up to 190 km. The field
of view was approximately +30° from the 90° zenith orientation.
The total intensity of the K-a line of nitrogen may not have
been observed in this experiment; however, count rates of
5000/cm?sec sr were observed. This value is slightly smaller
than the maximum rate computed here for oxygen, but much less
than the computed nitrogen rate. The wide field of view used
for this experiment makes a detailed altitude-count rate corre-
lation difficult. However, it is certainly a verification of
the existence of the daytime fluorescence. It should be pointed

out that the mechanism ascribed to this effect by Grader et al

is the excitation of terrestrial nitrogen and oxygen by the

N VII and O VII solar lines. While these lines do make a
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significant contribution to the observed fluorescence level,
the entire solar continuum and line emission above 12 ! must
be considered to account for the observed flux.

5.0 SIGNIFICANCE FOR GALACTIC X-RAY ASTRONOMY

Recently interest in celestial observations over the
wavelength region from 44 - 60 R has increased. This is primarily
due to the observation of unexpectedly strong emission from the

region near the galactic pole (Fritz et al, 1968). Yet few measure-

ments of X-ray sources have been made between 44 and 20 & due to
the poor energy resolution of detectors currently in use for
this wavelength region.

The X-ray background flux has been measured exten-
sively below 10 & and a few experiments have been conducted

above 44 R by Henry et al (1968) and Bowyer et al (1968). By

interpolation of this data one can conclude that the isotropic
flux in the 10 R interval about 23 & is ~10 photons/cm?sec sr
and slightly higher at 31 R. (10 R is about the best enerqgy
resolution which can be obtained from a proportional counter

at 23 B). Thus at altitudes below 300 km, the fluorescence

of K-o emission from oxygen alone will exceed the galactic back-
ground level for all look directions when proportional counters
are used. Moreover, the atmospheric fluorescence rate is directly
coupled to solar emission. A moderate level of solar flux was
assumed for these calculations. Yet flares may cause increases
of 100 - 500% in the 15 - 30 R emission over a period of 10-30
minutes, increasing K-a fluorescence by an equivalent amount

during such solar activity.
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The major uncertainty in these results is caused by
inadequate knowledge of the absolute solar flux in the 15 - 30 A
region. The integrated effect of this error in these calcula-
tions is probably 100%. Uncertainties in the atmospheric density
profile are probably somewhat smaller than this and subject to
more systematic variations with solar cycle.

Verification of the individual K-o intensities computed
here may be difficult because of the low energy resolution currently
available from non-dispersive detectors. However, solid state
lithium drifted silicon detectors which will soon be in use should
have an energy resolution of ~100 eV in the region of interest.
This should be adequate to separate the oxygen and nitrogen K-o
lines. A well collimated array of such detectors flown on a
rocket to an altitude of 200 km should obtain ample information
on the altitude profile of this emission.

Fad 7oA

1011-FFT-sh F. F. Tomblin
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APPENDIX

Resonant Scattering

Resonant excitation concerns the absorption and
reemission of radiation within the natural line width pro-
file of the transition to be excited. The natural width
due to the short lifetime of the excited state (T=SXl0-lssec)
is ~v.1 ev (5x10"3ﬁ) full width half maximum. This is much
greater than the 10_3eV doppler broadening due to the thermal
effects of the 1000°K effective ion temperature in the upper
atmosphere.

The total cross section for resonant absorption
may be written as
(l‘i/2)2

(B, "E)2 + (T3/2)*

oj (E) = ooi

where I'; is the line width and E,, is the resonant energy,
1

e?hfq,,
g = —_—_— 1
O r
1 mmel §
o2 _13 , .
me2 = 2.82 10 cm (classical radius of electron), and

f12i is the oscillator strength.

VALUES OF PARAMETERS

=17 2

r'* (ev) fi10.%* 9% (x10 cm )
1 1 1
Oxygen .145 .17 1.2
Nitrogen .095 .14 1.3

*Computed from results listed by McGuire (1969) .
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The resonance interaction has two important
aspects: 1) resonant absorption of fluorescent line radi-
ation 2) scattering of solar continuum radiation. The
first of these concerns the absorption of the ot or N; K~o
radiation computed in the previous section by similar species
present in the upper atmosphere.

The maximum density of 0° is 7x105/cc at 300 km
(Anderson and Francis, 1964) and falls off rapidly at altitudes
below 150 km and above 500 km. The mean free-path for resonant
absorption of the O+ K-a line is therefore 12x10® km at 300 km:
much too large to be significant. The N; density never exceeds
10%/cc (Ghosh, 1968) and is likewise insignificant.

The scattering of solar continuum radiation at the
K-a energy is possible and the calculation of the scattered
intensity is straightforward. Here we are concerned with the
direct excitation of the O and N, K-o line. The scattered
radiation will be subject to loss by resonant absorption of
0O and N,. Most of this absorbed radiation is not reradiated,
but lost to autoionization.

The flux of resonantly scattered solar X-rays is now
computed to establish its importance relative to the fluores-
cence levels previously computed. To simplify the notation we

will denote the line shape by
(r;/2)?2

(E-Eg ) % + (T3/2)°?

Li(E,T) =
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Thus the line radiation reaching an altitude h is

o <]

N, (h) = 41 £ b o Ly (E, F)dE[ [Ll(E ’F)(r/z) 1/m wki}

m S
%XP -[ p(h")c L(E I‘)dh'}
h!

0
hl
- v (B! v dh' dE' d4dE (5)
%XP j' pi(h )cOiLl(E ,T)Ydh }
h

the solar flux at the K-o line (with units of photons/cm

L
sec eV), 1is assumed flat over the line width. The first bracketed
term is the line shape, the second is the probability of absorp-
tion prior to scattering and the third is the probability of
absorption following scattering.

For the case where absorption is small, Nj (h) may be

expressed analytically as

Nj(h) = %ﬁ fq wki [ %0oj f p; (h')dh' (6)

Using (5) and (6) at the appropriate altitudes with
fgs = 3x10% photons/cm? sec eV at the oxygen K-a line results in
a maximum resonant scattering intensity at 130 km of 1.5 photons/
cm? sec sr. At the nitrogen K-a line fg = 7x10 photons/cm? sec
eV, giving a maximum intensity for the scattered K-o flux of 2.5
photons/cm? sec sr at 130 km. At altitudes below 130 km consid-
erable self absorption occurs. These resonantly scattered flux
levels are less than 1% of that computed for the K-a fluorescence

emission.
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Other resonanﬁly scattered radiation, such as K-8
may contribute some additional flux; however, the total con-
tribution from such sources will be insignificant when compared
with the natural variations in the fluorescent radiation.
These variations are caused by solar flares and long term
oscillations in the atmospheric densities associated with

periodicity of the solar cycle.
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